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Hyperfine Interactions and a-Type Doubling in the 

Microwave Spectrum of the NS Radical 

TAKATOSHI A~~ANo, SHUJI SAITO, EIZI HIIZOTA, ~tnd ~OSEZO ?IIOIZIXO 

Strong absorption lines dlle to free IYS radicals have beet1 ohservcd hy mealts 
of Stark modulated microwave spectrometers, in the discharge products of :I 
mistlwe of nitrogen and sulfrlr dichloride or sulftlr motlochloride. The rot a- 

tional trausitions .J = 4i + 52 in the 211~12 state as well as J = ti$ + “i both in 

the %I/2 and %/:! states are analyzed to invest igate t,he h-type doubling atid 

the hyperfine interactions in two isotopic species IaN% and 14NYS. 

The parity considerations lead to negative sigtl of t.he h-type doubling 

parameter 0l, , which indicates that t,he dominant pert rlrhillg st ate is a ?-stat c 

not identified yet. Relative maguitrtdes of hyperfine const.ants of NS are very 

similar to those of NO, althorlgh their ahsolllte val\Les ilr (he former are COII- 

sistently smaller than in the latter. The rotational constant Ho = 23150.01 f 

0.10 MHz ohtained in the present analysis, combilted with CQ’ from the y-band 

analysis, gives a11 accurate equilibrillm intertluclear distance re = 1.4938 =t 

0.0002 A. The electric dipole moment, is deiermined to be 1.81 f 0.02 lIebye 

in the Qi!g state hy the Stark effect, measurements. 

INTI:Ol>UCTION 

Alulliken and Christy (1 ) have discussed in detail the A-type doubling in 

many diatomic molecules and compared the observed doubling constants with 
those calculat’ed on the basis of the pure precession hypothesis. They pointed out 

that the positive sign of the A-type doubling constant of KO conflicted with that 

which would be expected if the interacting state were ,4*2+. Barrow, Drummond, 

and Zeeman (2) reported the same sort of contradiction for NS; the A-type 

doubling constant 11 in the ground yII1,2 electronic state was determined to be 

+O.Oll cm-’ (2, .3). It is interesting to point out that the sign of p cxn bc de- 
termined, if the “hyperfine doubling,” that is, the difference between the hyper- 
fine energy levels of the A-type doubling components, is observed. In the present 
work, positive sign was obtained for I) from the hypcrfine doubling, and at the 
same time the accuracy of 1) \\-as improved by a factor of 100. These results sug- 

gest the presence of % states which give the main contributions to make the J’ 

constant positive. 
The hyperfne constants of X0 obtained by millimeter-I\-xve spectroscopy 
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(4, 5) or by electron pnramagnetic resonance (6, 7) were anal~.zed t,horoughly 

to estimate the distribution of the unpaired electron in the molecule (8, 9). 

In view of these results it is interesting to determine the hyperfinc constants of 

NS mtl to compare them \vith those of SO. 

Carrington and Levy (10 ) reported the electron-p:lramagnetic-resotl:lnce 

spectra of the NS in the 211 3,2 state in the rexct’ion products of hydrogen sulfide 

\vith active nitrogen. Recently Carrington, Howard, Lever, and Robertson (I 1 ) 
improved the signal-to-noise ratio considerably by replacing H,S with sulfm 

monochloride and Uehara and Jlorino (12) by :L microwve discharge through :I 

mixture of sulfur dichloride and nitrogen. The hyperfine constants t,hus obtained 

bvere in good agreement with the present results. However, inform:tt8ion obtained 

from thP I+:l’R spectroscopy is confined only to the ‘IIa..2 st,atC, because the molcrule 

in the 2n1:2 state is nearly diamagnetic. 

In t,hc present work the microwave spectrum of KS in the ground Ckc~IYJIliC 

state \vas observed both for the 21111T2 and ‘113,2 states and analyzed by taking into 

account the dependence of the spin-orbit coupling constant A on the inbernuclrar 

distance, as in the case of Cl0 reported in a previous paper (1.~3 ). The rotation:rl 

constants t,hus obtained were improved very much in accuracy hecauw of t,lle 

IIigh pWiSi011 CJf IlliCrO\v~LvP S~xxtrWC~q3?_. 

,4 conventional 100 kHz Stark modulated microwave spectrometer was uwtl. 

OK1 SOVllA and 12OVlO klystrons were employed as microwave sources. The 

:LbsorpGon cell for the messurement in the 69 (;Hz region was made of parallel 

plnt,w. The cell was already used in t’he previous works on the SO (1.4 I and (‘10 

(15) radicals. The mcasurcments in the region of 115 to 117 GHz wvcre performtAd 

ivy means of :k spect,ronwter at Sagnmi Chemical Research Center. 

The i\S radical was produced through a microwave or a radio-frequency tlis- 

charge in a mixt,urc of nitrogen and sulfur dichloride or sulfur monochloridfb. The 

total pressure of the flowing gas was about’ 0.1 mm Hg. 
Dark-brown subskmcc was deposited on Ihca glass wall of the discharge tuho 

and the absorpt,ion cell. So attenuation of microwave power was found for this 
solid &posit. It) was almost completely cleaned out by a flow of discharged oxygen 
gas, with hluc chemiluminescenw. 

Although theory of the A-type doubling and the h~~perfine interactions is lvcll 

rstnblished (l&18), there has often been a confusion on the symmetry properties 
of energy levels, because of different phases chosen by different authors. Th(t 

discussions given below are to clarify the relation between the parity of the 
wavefunction and the sign of the A-doubling constant or t’he hyperfine doubling 
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constant d. Total wavefunction is expressed by a product of functions for elec- 

tronic orbital motion, overall rotation of the whole molecule, and electron spin. 

The Eulerian angles 0, #, cp connecting the molecule-fixed coordinate system with 

the space-fixed coordinate system are defined according to Nielsen (19). The 

inversion operation is equivalent to the reflection uu of the electron coordinates 

at a vertical plane which contains .r and x axes, where x axis is taken along the 

molecular axis, followed by the two-fold rotation I/e of the molecule-fixed co- 

ordinate system about y axis. The latter operation does not affect the electronic 

orbital wavefunction, and its operation on the Eulerinn angles is 

B-n-0, +-fa+J/, and cp+r-$0. 

The Hund’s case (a) wavefunctions are chosen as a basis. In the following 

discussions, 1 A) and 1 SZ) denote electronic orbital and spin wavefunctions, 

respectively, and / J’d) the wavefunction for overall rotational motion. The trans- 

formation properties of the wavefunctions under the inversion 9 = u,CT2 are 
defined after Kopp and Hougen (20) as follows: 

al A) = / -A) for h # 0 

gj A) = f 1 A) for A = 0, B* 

g/ SZ) = (-l)“+“\ S-S) 
(1) 

.4j Jn) = (-l)“_“I J-Q. 

The basis set is chosen as follows to have a correct parity: 

( 2S+‘An ; JQ; xt) = T1”[l h)l Xz)l Js2) z!z 1 -A)1 X-s>[ J-L’)]. (a) 

Using the transformation properties defined by Eq. (I), one finds that the 

parities of the function 1 ‘III!:! ; J35 ; +) and 1 ‘I&,? ; J>z ; -) are (- 1 )‘+I” and 
(- qJ--1’2) respectively. For the S states (A = 0), I “&;J$L;;+) has the parity 
of (- 1)” (- 1 )J-1’2 and 1 ‘S$ ;.I>; . - 

gz+ states all; -;;or~(-lJp(-l) 
J+1’2, where the factor (- 1)” 

means +l for Z states. Therefore the rovibronic levels 

are classified into two groups according to their parities (- 1 )J-1’2 or (- 1 )‘+l”. 

The former will be called “c levels” and the latter “~1 levels.“” For the d levels, 

1 The definitions of “c levels” and “d levels” are somewhat diKerent from those present,ed 
by Mulliken (Rev. Mod. Phys. 3,89 (1931)). He defined one series where the parity of the 
lowest rotational level was positive as “d levels” in the regular case (a) doublet states and 
as “c levels” in the inverted case (a), and the other series, the lowest rotational level of 
which had negative parity as “d levels” in the regular case (a) doublet states 
and as “c levels” in the inverted case (a). Therefore the definitions by Mulliken and in the 
present work for “c levels” and “cl levels” are contrary to each ot,her for %1/2 in the regular 
doublet states and for 21I3/s in t,he inverted states, but are t,he same, for )II,,s in t,he inverted 
and for z&,2 in the regular doublet states. 
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the Hamiltonian matrix is given b! 

[G;;* y r ;I is, 

where each matrix element is that defined by Van Vleck (IN), except that, the 

phase convention is different. The matrix for the c levels is similar to Eq. (3) but. 

with the changes of the signs before 6 and [. 

It is important to note that q, and flP defined by 

(5) 

originate from the terms O{* and O*{, and <v*t and {*vt*, respect’ively. On the 

other hand, as clearly seen from Eys. (X3), (14), and (17) in the paper b> 

Dousmanis, Sanders, and Tonnes (17), WI does not cont,ain these terms. It, 

involves the terms t&r]*, I~*E*v, Ml*, &9*{ and f{*, TV*, 6<q*, 6{*t*~. The former 

ones C&q*, . . . ) give rise to 

and the latter ones (cc*, . . . ) to 

(7’) 

in IY, . Therefore o(~ and p, in W1 given by Dousmanis, Sanders, and Tonnes 

should be replaced by CQ,’ and @,‘, respectivel!,. 

According to Dousmanis, Sanders, and To\\-nes (17 ), the splitting of thts 

&type doublet Wr (J) is defined to be the energy difference between the (I level 

and the corresponding c level, 

W?(J) = Wd(J) - rv, (J) (I’; ) 

The explicit formulas are identical with those presented earlier (23 ), and aw not 

reproduced here. 

? The transformstiun properties given in Ey. (1) mea~l that thr matrix rlements 
(‘i = -1 / L, 1 A = 0) and (A = 1 1 L, I A = 0) should he real, and the following relations are 
easily derived : 

(A = - 1 / L, / A = 0) = (- l)/‘+‘(A = 1 j I,, / A = 0) 

111 the article by Van Vleck, the elements of L,, have bell chosen real. 
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Next, the sign of hyperfine doubling terms should be considered. The defini- 

tion of the transformation presented in Eq. (1) makes it necessary to change the 

phase of the matrix elements given by Frosch and Foley (18). The hyperfine 

doubling term for the ‘II1rL state is easily calculated to be 
Cd) 

Whf = +[cZ(J + $;)/‘>.r(J + l)]I. J. (9) 

The positive sign in front of d applies to the CE levels and the negative sign to the 

c levels. In this connection, the statement that the positive sign applies to the 

upper h-doublet levels, is not always correct, although in all the molecules 

analyzed so far, the upper h-doublet levels are assigned to CL levels. 

RESULTS 

h. ANALYSIS 

The NS radical is well characterized by the coupling scheme of Hund’s case 

(a) because of large X0 = Au/&. The energy formulas used in the analysis of the 

Cl0 spectra (13) can be applied to the present analysis with replacements of 

c+, and 0, appearing in the effective rotational constants by olP’ and p,‘, respec- 
tively. The NS radical shows the same pattern of the hyperfine structure as that 

in KO (4, 5), because of the similarity in the electronic structure. The separa- 

tion of the hyperfine sub-levels in the ‘II 1rz state is larger in the upper ii-doublet 

components than in the lower. An assumption that the sign of the hyperfine 

doubling term cl is positive leads to the level scheme that the upper members of 

the doublets are assigned to (1 levels, as in the case of X0. The A-type doubling 

in the 2IIa,z state could not be resolved under the present experimental conditions. 
Tables I and II list the observed transition frequencies and the differences be- 

TABLE I 

TRANSITION FREQUENCIES OF THE 1aN32S IN THE 'QI,z ST.ITE (MHz) 

r-state 

J = 32’ t 1.2 

F’ - F Ohs p 

5; + 3,.2 69002.85 0.29 

32 t 12 69016.92 0.06 

!s t 35 69037.31 -0.13 
‘4 t 16 69040.17 -0.19 

'2'+32 69060.27 0.33 

‘5 t gg 69283.13 -0.07 
% + 32 ti9330.25 -0.07 

d-state jz -9; 69411.35 -0.13 
‘5 + l‘j 69437.40 -0.27 
“,i t 1 5 09484.97 0.17 

F’ + F Obs S% 

115153.92 O.li 
115158.97 0.16 
115163.07 -0.03 
115185.55 -0.05 
115191.07 -0.62 

115489.61 
115524.82 
115556.43 

115571.20” 

O.OG 

-0.07 
0.39 
0.49 

-0.82 

aA denotes obs. - talc. 
b Not inclltded in least-squares fit. 



10” AMANO ET _4L. 

TABLE II 

TR.INSITION FREQUENCIES OF THE 14N% IN THE sII3I2 STATE (-MHz) 

J = 52 +;2 

1; c F Ohs. 3% 

_. 

5/ .2 + 5,* 116147.76 -0.02 
3i t a;\ 

75 5g( 116181.78” 
2.18 

+ 0.00 
“3 t y$ 116203.61 0.14 
3.6 + , 1’2 116214.47 -0.12 

* A denotes obs. - talc. 

11 Not included in least-squares fit. 

TABLE III 

MOLECULIH CONSTANTS OF THE NS R.XDIC.~LS IN THE 9 ELECTROKIC RT.ITE (MHz, unless 

otherwise indicated)8 

14ps qq34s 

__... ______~~~... _ 

BOl 23072.10 z!z 0.13 22661.58 h 0.11 
Bo? 23238.61 zt 0.18 
0, 0.028 f 0.012 
Pelf 397.32 + 0.40 389.61 f 0.59 
a+ (b$c)i2 56.35 f 0.83 
a- (b+c);? 67.45 i 0.50 67.03 f 0.83 
tl 87.03 f 0.42 87.22 f 1.0” 
ed -2.62 & 0.73 -1.7-i i 1.51; 
B0 23156.01 f 0.16 
CUP -198.24 f 0.38 
iuP -0.682 f 0.002 _ 

,$ 1.4938 f 0.0002 ii 

* Uncertainties indicated are three times the standard errors from the least-sqltares fit. 

tween the observed and the calculated. The final values of the parametem de- 
termined by a least-squares fitting are given in Table III. 

The parameter p,ff is expressed, for the molecules approximated as Hund’s 

case (a), as 

(10) 

where (Ye and &, are defined by Eqs. (4) and (5), respectively. Zeeman’s value of 
Peff, +O.Oll cm-’ or +330 MHz, is to be replaced by the present more accurate 
value, f397.32 & 0.40 MHz. After correcting the second term of Eq. (10) b\ 
the same procedure as adopted in the case of Cl0 (1S,15), aI, was obtained to be 
- 198.24 MHz, and & was calculated to be -O.BY:! MHz by the use of Eq. (3.5) 
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in Ref. (13). The negative sign of aP indicates that the dominant perturbing 

state is 22-. Therefore, if it is assumed that only one “Z- state interacts with the 

ground ‘II state, cyP’ and 0,’ may be approximated bq 

I 
ci p = -rip 

P,’ = -P, . 

The effective rotational constants are defined by 

where A’ denotes (r. dA/dr ),, . The rotational constant B” was, therefore, cal- 

culated to be Bo = 23156.01 f 0.16 AIHz from the sum of the two effective rota- 

tional constants using the spin-orbit coupling constant A0 ,’ the vibrational fre- 

quency we obtained by Zeeman (S), the centrifugal distortion constant D, and 

the Z-uncoupling parameter 0,‘. The value of B. reported by Zeeman, 0.770% 

cm-’ or 23101.4 MHz, is, therefore, definitely small by about 50 A\IHz. Carring- 

ton, Howard, Levy, and Robertson (11) stated that the rotational constant 

Bu = 0.7722 cm-’ (‘13 150 h2Hz) could reduce slight discrepancies between the 

calculated and the observed frequencies which were present when the rotational 

constant reported by Zeeman was used in the analysis of the EPR spectra. 
From the present value of Bo and the vibration-rotation constant cr, of 0.00612 

cm-’ (183.5 MHz) determined through the analysis of the r-band systems (3 ), 
one may calculate the equilibrium rotational constant B, , and therefore the 

equilibrium internuclear distance T‘~ , with sufficient accuracy. If the uncertainty 

in 01~ is assumed to be ~0.0001 cm-‘, the equilibrium internuclear distance be- 

comes 

re = 1.4938 f 0.0002 8, 

where the uncertainty arising from Planck’s constant is also included. 

3 The spin-orbit collpling const,ant ;i of 223.03 cm-l determilled by Zeeman sholdd he 
understood as A1 , because the constant was determined throllgh the analysis of the (0, 1) 
band. Least-squares analyses both for the (0, 1) and (0,O) bands on the basis of Ey. (25) and 
Tables I and II in Ref. (S), has led to do = 222.94 f 0.17 cm-’ and ill = 223.09+ 0.12 cm-l. 
This value for & was used in the present analysis. 
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The rotational constant difference 

gives an estimate of A’. Though the spin-rotation coupling constant y is not 

known, it is estimated to be less than 400 _\IHz, and the numerator of the first! 

term in the right-hand side of Eq. (14) is thus equal to (2.2% f 0.04 j X lo4 

AIHz. The term 4 t’A’ amounts, therefore, to 6.4 f 2.S .\IHz. Using the values 

of B, and w, , one finds that c becomes 0.(X5 X lo-’ , arid consrc~umtl\- ~1’ is de- 

termincd to be 130 f 56 cm-‘. 

The spectra are strong enough to observe the lines arising from the ‘n,#J = 

$1 + 12 transitions of the 14Ky4S in natural abundence (about 4.2 “; ). T:lble IV 

lists the observed transition frequencies, and the molecul:lr constants obtained 

by means of a least-squares fitting are cited in Table III. So differences :tre ob- 

served in the hyperfine coupling const:mts rl bet\veen the two isotopic slwcies 
llS”JS and ‘“_\;R$. 

Alnrtis elements necessary for calculating the Stark effect in the ‘II;? electronic 

state have already been given by AIizushima (21 ). Since t,he second-order cow 

tribut,ion from the adjacent rotational levels is estimnt,ed to be less thall 1 ’ ; 
:trd is smaller than the experimental unccrtaintics, it1 ir; sufficient to corGder 

only the A.1 = 0 elements. The electric fkld strcwgth w:ts calibrated by mwsnring 

0.05 

-0. lli 
0.03 
0 .05 
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TABLE V 
ELECTRIC DIPOLE MOMENT IN THE 2TI112 STATE 

Transition F’ +- F Pl(W 

‘6 ‘7-5 (d) 1.82 * 0.06 
32’ + ‘2’ (cl) 1.80 i 0.02 
3’2 + 12 (c) 1.82 f 0.04 

Mean 1.81 f 0.02 

the Stark shift of the J = 1 + 0 transition of OCS, where the dipole moment of 
0.71521 Debye reported by Muenter was used (22). Table V gives the dipole 
moments obtained from three transitions of 14X3”S. Thus the dipole moment was 
determined to be 1.81 f 0.0” Debye by taking the mean value of these three. 
Carrington, Howard, Levy, and Robertson (11) reported the dipole moment 
p = 1.35 f 0.10 Debye for the 2&z electronic state by the electron paramagnetic 
resonance. The electric dipole moments in the 2KI 1~ and ‘&,2 states are expected 
to have almost the same value within current experimental accuracy, and the 
source of large discrepancy between these two measurements is not evident. 

The parity of each rotational level was determined on the basis of a reasonable 
assumption that the sign of the hyperfine doubling term rl was positive. Ab zhitio 
calculations of the hype&e couplin g constants of NO were made by Lefebvre- 
Brion and Moser (8), and by Lin, Hijikata, and Sakamoto (9). All these calcu- 
lations show that the sign of rl is positive, as expected from simpler calculations. 
For the KS radical, reliable wavefunctions are not available to calculate the 
coupling constant d accurately. However, it is reasonable to assume the positive 
sign of cl also in KS. The symmetry species, ‘E+ or 25-, of the upper state of the 
r-band cannot be determined from the analysis of the band alone, but molecular 
orbital considerations suggest that the state is 2Z’. The parity of each level of 
the ground state, inferred from this discussion, is identical with that derived by 
the present analysis of the hyperfine doubling. The sign of the A-type doubling 
parameter olP could be given from the parity. The negative sign of CQ, indicates 
that the dominant perturbing state n-as not the C”‘Z+ state but an unknown *Z. 
Lofthus and ;\Iiescher (23) observed the G2Z state of NO, at about 63 000 
cm-l above the grourld state, and indicated that this state must be a per- 
turbing state, because of a good agreement of the observed b-type doubling 
constant with that calculated by means of the pure precession hypothe- 
sis. As for the ?;IS radical, a state analogous to the G22- of NO may exist, but has 
not been found yet. It is interesting in this connection to obtain the doubling 
constants of the excited 211 states. If they were determined both in magnitude and 
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TABLE VI 

MAGNETIC HYPERFINE CONSTANTS OF I~TOMIC FREE RADICALS (in MHz) 

OHn NOb NS Cl0 
-.. -._-.__..__. -__ 

a’( 86.0 f 0.G 84.28 f 0.52 61.90 x?z 0.67 136.34 zk O.(i8 
b -119.0 f 0.4 41.8 f G.3 

c 133.2 f 1.0 -58.8 i 7.4 

bSc -16.93 f 1.04 -11.10 zk 1.33 -47.47 f 1.X 

(1 56.5 f 0.4 112.60 87.03 j: 0.42 173.07 + 0.70 

c = 3 (CL - cl) -84.9 - 75.4 -110.2 

c = -d/2 -56.3 -43.5 -86.5 
~ _ ~~ ~ 

:L H. E. RSDFORD, Phys. Rev. 126.1035 (1962). 

‘1 ltefs. (4) and (7). 

* Ref. (13). 
8r 

cl u = 2gNp&3(lp), b = 2gm$3(~ P(O) - (3 cos2 x - 1)/2??,(. = 3gxjQ@((3 cos2 x - 1): ,.:‘;I, 

d = 3g,p.&sirP xl+). 

sign, they would give important information about the position of the ‘2 states. 

Nsrasimham and Srikameswaran (2-J) analyzed the B21Y-X”II band systems of 

NS. By using their frequencies of A-type doublings in the higher J-lines of the 

(7,O) and (8,O) bands, we attempted to derive the &type doubling constant of 

the upper state, assuming the ground-state constants obtained in the present 

work, but it was found unsuccessful because of insufficient accuracy and also of 

possible resonance effects. 
Table VI compares the hyperfine constants for the NS radical with those for :i 

few other free radicals investigated by means of microwave spectroscopy or gns- 

phase electron-paramagnetic resonance spectroscopy. If the single configuration 

approximation is adopted, 2 d/3a should be +$ in these free radicals where m- 

paired electron occupies a p, orbital. The consideration of configuration int,er- 

action reduced the discrepancy in this ratio between the observed and the cnlcu- 

lated for the NO (8). 
The single configuration approximation gives t,he following two relations 

c = 3(a-d) (IT,) 

c = -d/4. (l(i) 

The values of c obtained from these two relations are also compared in Table VI. 

The hyperfine coupling constants of the OH radical could not be explained by the 
single configuration approximation. The c constant of X0 calculated from Eq. 
(16) is equal to the observed. Unfortunately, the approximation cannot be tested 
on the NS and Cl0 radicals. In order to determine the b constants separatel) 
from c the accuracy of frequency measurement should be improved by a facto1 

of ten. 
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